Abstract. Our objective was to validate a new device dedicated to measure the light disturbances surrounding bright sources of light under different sources of potential variability. Twenty subjects were involved in the study. Light distortion was measured using an experimental prototype (light distortion analyzer, CEORLab, University of Minho, Portugal) comprising twenty-four LED arrays panel at 2 m. Sources of variability included: intrasession and intersession repeated measures, pupil size (3 versus 6 mm), defocus (þ0.50) correction for the working distance, angular resolution (15 deg versus 30 deg), temporal stimuli presentation, and pupil size. Size, shape, location, and irregularity parameters have been obtained. At a low speed of presentation of the stimuli, changes in angular resolution did not have an effect on the results of the parameters measured. Results did not change with pupil size. Intensity of the central glare source significantly influenced the outcomes. Examination time was reduced by 30% when a 30 deg angular resolution was explored instead of 15 deg. Measurements were fast and repeatable under the same experimental conditions. Size and shape parameters showed the highest consistency, whereas location and irregularity parameters showed lower consistency. The system was sensitive to changes in the intensity of the central glare source but not to pupil changes in this sample of healthy subjects.
Introduction
Measurement of night vision disturbances (NVD) under dim light conditions has been a matter of interest for clinicians and researchers over the past decade. Although these disturbances were recognized much earlier, such phenomena have gained increased clinical relevance as a consequence of corneal refractive surgery [1] [2] [3] and implantation of intraocular lenses with complex optical designs. 4 Under this generic concept of NVD, different entities are represented, including positive and negative dysphotopsia, halos, glare or starburst. Despite having different impacts on the subjective optical quality of the eye, different manifestations are not easily distinguishable or measured independently. For that reason, Klyce has suggested incorporating the term "light distortion" to include all of them. 5 Previous authors have suggested internal reflections in the intraocular prosthesis, 6 residual refractive error, higher order aberrations, 3 and ocular media opacities inducing light scattering 7 as potential etiological factors. NVD are frequently self-reported by patients, but these are usually described as subjective complaints instead of objective and quantitative measures. With the increasing interest in intraocular surgery using different multifocal IOLs, there is a need to consistently measure the size and shape of such distortions. Beyond the use of subjective questionnaires and psychometric questionnaires, measurement of glare, haloes, and starbursts or light distortion as a comprehensive representation of those phenomena has been conducted with different methodologies. 7 Some of these methods are devoted to measuring the intraocular scattering, while others intend to measure the light distortion surrounding a bright spot of light against a dark background. This last approach can be done by using digital displays to project detection stimuli around sources of glare 8 or using methods to recognize letters or the orientation of characters surrounding a bright glare source. 9, 10 The characteristics of the glare and detection sources were frequently not fully disclosed and the number of directions explored varied considerably between devices. Most of them reported only the size of the disturbance without specific reference to its position, shape or regularity.
Villa et al. 3 evaluated the light distortion by presenting peripheral stimuli using a computer-based facility to detect the size of the light distortion surrounding a bright light emitting diode (LED) by presenting white stimuli in a computer video display unit. Anera et al. 11 used the same device to evaluate the outcomes of a customized ablation compared with a standard algorithm for corneal refractive surgery. Later on, a fully computerized version of this device was used to evaluate the effect of optical opacities. 12 Sheppard et al. 10 used custom software to radially present random letters toward a central source of glare until the patients could not recognize the letters. They evaluated size of the light distortion surrounding a central source of glare in patients implanted with different multifocal IOLs. More recently, Puell et al. 9 investigated the size of the halo in the general population using a commercial vision monitoring device. This device measures the ability to recognize letters in three semimeridians around a source of glare at 2.5 m.
A recent development of these systems was the Rostock Glare Perimeter developed by Meikies et al. 8 that uses peripheral stimuli presented from a digital projector system to a wall or screen at 3.3 m from the patient.
We have developed a device to measure the light distortion under more realistic and consistent conditions, using hardware with physical LEDs instead of projected light spots 12 for the generation of the light distortion as well as for the detection of the peripheral stimuli. This allows us to overcome some of the limitations of previous methods. By using point sources instead of letters, we aim to avoid the problem that the outcomes of the test are limited simply because of reading (or acuity) limitations; using a detection rather than resolution stimuli can also avoid the delay in response, increase the speed of the test, avoid loss of attention, and be clinically applicable in elderly patients. Being a physical device instead of software running on a computer screen also ensures that the experimental conditions in different settings can be comparable. The luminance that can be achieved with this system ranges from 0 to 3000 cd∕m 2 for the central stimuli and 0 to 6 cd∕m 2 for the peripheral stimuli. 13 This system provides different metrics of size, shape, location, and regularity offering more comprehensive information about the actual disturbance.
This feature might be useful in order to differentiate between the disturbances originated by different optical devices even when their size might be the same; this might be a clear advantage in asymmetric and/or decentered optical designs. Other methods measure the light distortion only in one direction and then consider that the same size is affected in all directions of the patient's field of view. 4, 8, 9 With the present method, we aim to evaluate the consistency of the light distortion analyzer (LDA) device under different sources of variability including spatial, temporal, and clinical routine issues (intersession, intrasession, pupil size). It is also the aim of this work to estimate the duration of the examination under different conditions.
Methods

Sample
Twenty healthy volunteers (12 females, 8 males) participated in the study. All subjects had normal ocular and general health, with ages ranging from 23 to 37 yr (26.4 AE 6.1 yr). Inclusion criteria required that the subjects had no complaints of dry eye, do not wear contact lenses and present a tear-film break-up time of at least 10 s measured prior to enrollment in the study.
All subjects were submitted to a full optometric examination including: objective and subjective refraction using an end-point criterion of maximum plus for the best visual acuity; pupil diameter measurement (NeurOptics® VIP™-200, California) and whole eye wavefront aberrometry using a Harmann-Shack aberrometer (IRX3, Imagine Eyes, Orsay, France).
Following the tenets of the Declaration of Helsinki, all subjects signed an informed consent after the nature and possible consequences of the study had been explained.
Procedure
Light distortion measurements were done using the LDA developed at the CEORLab, University of Minho, Portugal. This is an experimental prototype device comprising an electronic black board with a central light source (LED) with a high-intensity power output surrounded by 240 small LED sources with smaller intensity power outputs. The central LED is responsible for creating the glare condition while the surrounding LEDs are used as threshold discriminators at different positions and angular distances in the visual field. 13 The peripheral LED's are distributed in twenty-four semimeridians with a minimum angular separation of 15 deg. Figure 1 13 The physical display (electronic board) is connected to a control central control device (PC computer) and the subject being evaluated provides feedback to the system through a remote response device (PC mouse). Peripheral stimuli are presented around the central source of light using different sequences at random times from 250 to 750 ms and the different semimeridians are explored in random order. When the subject sees the peripheral stimulus, he/ she presses the mouse control button and the system presents the next semi meridian. Three evaluations are performed in each semi meridian before the instrument calculates the mean limit of the light distortion. If the standard deviation (SD) of the three measurements in each semimeridian is above 20% of the mean value, the device automatically repeats the measurements in those semi meridians until it reaches values of SD below 20% of the mean.
Only the information of the right eye is presented in order to avoid duplication of the sample considering the related nature of the information obtained from both eyes of the same subjects. Figure 2 shows the structure of the protocol of the study that was divided into two different phases.
In the first phase of the study, the measurements were obtained using different examination strategies (in-out, out-in, subjective), different angular separations (15 deg ∕24 radial directions; 30 deg ∕12 radial directions), two different velocities of peripheral stimuli presentation times (ON-OFF intervals of 250 to 750 ms) and the different semimeridians were explored in random order. "In-out" refers to the strategy where the radial LEDs turn-on sequentially from the center to the periphery until detection; "out-in" refers to the strategy where LEDs turn-on from the periphery to the center until not detected; "subjective" refers to the exam where the subject moves the light along a radial direction until the edge of the distortion is reached. The radial directions are randomly evaluated in all exam strategies. Examination time was recorded for later comparison between the different testing strategies. The speed of presentation of the stimuli (ON-OFF times) was random from 250 to 750 ms in order to avoid false responses from the subject.
In the second phase of the study two different measurements were recorded in two different sessions using an "In-out" strategy with three different intensities for the central LED (minimum 1% to 30 cd∕m 2 , medium 50% to 1500 cd∕m 2 , maximum 100% to 3000 cd∕m 2 ). First, measurements with natural pupil were done with and without a þ0.50 D lens to compensate the vergence induced by the fixation target placed at a 2 m distance.
After the measurements with natural pupil, the patients were dilated with 1% phenylephrine (Davinefrina, DAVI II, Portugal) and, after 30 min, the measurements were repeated with an artificial pupil of 6 mm in the first session and 3 and 6 mm in the second session.
All measurements were performed with the best distance correction from a distance of 2 m from the display, with the room in total darkness while the patient was seated and stabilized using a chin rest with the eyes at the level of the central source of light. All data obtained and processed for statistical analysis is the result of three repeated valid measures obtained by the instrument and averaged.
The system derives different metrics from each examination. They are summarized below:
• Distortion area (DA): is calculated as the sum of the areas of all triangles (or sectors) formed between each pair of semimeridians under analysis, in mm 2 .
• Light distortion index (LDI): percentage of the total tested area that is not visible because of impairment by the light distortion phenomena. It is calculated as the ratio of the area missed by the subject and the total area explored and is expressed as a percentage (%). Higher values of LDI are interpreted as the lower ability to discriminate surrounding small stimuli that are by the central source of light.
• Best fit circle radius (BFC Rad ): as the DA is formed by an irregular polygonal shape that results from the linking of the outer limits of the distortion along each semimeridian, a circle that best fits this shape is derived whose radius is equal to the average length of the distortion along each semimeridian under evaluation (Length) expressed in mm.
• Best fit circle center coordinates (X Coord and Y Coord ): defined as Cartesian coordinates ðx; yÞ in mm from the center of the display.
• Orientation of best fit circle center (BFC Orient ): angle of BFC center from the origin of coordinates (0,0), which is the center of the display. Expressed in deg.
• DA irregularity (BFC Irreg ): sum of the deviations between the actual DA and the BFC outer perimeter along all the semimeridians tested. It is a sum of positive and negative values as the limit of the distortion is in or out of the BFC perimeter and is expressed in mm.
• SD of the BFC irregularity (BFC IrregSD ): sum of the differences squared and divided by the number of semimeridians tested (n). Higher values of BFC IrregSD means a more irregular distortion. Expressed in mm.
Statistical Analysis
Statistical analysis has been conducted using SPSS v21.0 (IBM Inc., Illinois). Normality was checked by the Shapiro-Wilk test and due to the nature of the data, nonparametric statistics were applied. For the multiple comparisons, a Friedman test with posthoc correction has been applied and Wilcoxon signed ranks for pair-wise comparison. The level of statistical significance has been set at p < 0.05. Spearman rank correlation coefficients (r) were calculated considering that a strong correlation was classified as a coefficient greater than 0.8, moderately strong within the range of 0.5 to 0.8, fair within the range of 0.3 to 0.5, and poor at less than 0.3. 14 
Results
Average manifest spherical and cylindrical subjective refractions were þ0.43 AE 0.30 D and −0.12 AE 0.17 D, respectively. Average maximum round pupil in mesopic conditions was Results are presented in the following subsections for the following factors: (a) compensation of the vergence at the examination distance with three different intensities of the central source; (b) intrasession agreement for the natural pupil size, 6 mm in session 1 and session 2 and 3 mm artificial pupils with three different intensities of the central source; (c) intersession 
and using a þ0.50 D lens over the habitual correction for compensating the vergence induced by the target placed at 2 m from the subject. Results are shown for an "in-out" strategy with three different intensities for the central LED (minimum 1% to 30 cd∕m 2 ; medium 50% to 1500 cd∕m 2 ; and maximum 100% to 3000 cd∕m 2 ). Correlation is significant at the 0.01 level; +correlation is significant at the 0.05 level. Correlation is significant at the 0.01 level.
agreement for the 6 mm pupil size in session 1 and session 2; (d) pupil size for 6 and 3 mm artificial pupil size; (e) intensity of the central source; (f) spatial and temporal setup parameters. 
Compensation of the Vergence Induced by the Fixation Target
018).
Correlations between the two measurements for all conditions were found to be strong (r ¼ 0.840) for all the size parameters with the central LED light at minimum and medium intensities, and was moderately strong with the maximum intensity (r ¼ 0.721). Table 3 shows the statistical comparison of two consecutive measures for different conditions to study the intrasession repeatability. Results show that no differences were found in terms of size (DA, LDI, and BFC Rad ), location (X and Y axis), and irregularity (BFC Irreg and BFC IrregSD ) of the light distortion measured in all of central LED intensities between the two measures in the same session. This is true for all parameters, except for the BFC IrregSD with a 3-mm pupil for minimum and maximum central LED intensities (both p ¼ 0.018). Correlations between the two measurements for all conditions were found to be strong for the size parameters (DA, LDI, and BFC Rad ).
Intrasession
Moderately strong correlations were found for the two pupil sizes in the BFC IrregSD parameter in all central LED light intensities except for the 6-mm pupil with the central LED light at minimum intensity (r ¼ 0.429). Table 4 shows the statistical comparison of the light distortion parameters measured in two different sessions (days) for a pupil Correlations between the two measurements were found to be moderately strong to strong (r > 0.7) for all the size parameters, being fair to poor in the location and regularity parameters, except for BFC Irreg with the central LED light at minimum intensity (r ¼ 0.821). 
Intersession
Pupil Size
LDI (%) 0.018 (b > a) 0.018 (c > a) 0.028 (c > b) BFC Rad (mm) 0.018 (b > a) 0.018 (c > a) 0.041 (c > b) X Coord (mm) 0) 0.046 (b > a) 0.028 (c > a) 0.028 (c > b) LDI (%) 0.046 (b > a) 0.028 (c > a) 0.028 (c > b) BFC Rad (mm) 0.046 (b > a) 0.028 (c > a) 0.027 (c > b) X Coord (mm) 0.018 (b < a) 0
3.5
Central Source Intensity Table 6 shows the effect of the different central LED light intensities on light distortion for natural, 6-and 3-mm pupil sizes. It can be seen that a significant increment of the size of the light distortion along with an increment of the central LED light intensity (a < b < c) was found. The location and shape parameters were more independent of the central LED light intensity despite the differences found for the X coordinate with pupil (X medium ¼ 0.00 mm, X maximum ¼ 0.33 mm; p ¼ 0.043) and with a 3-mm pupil (X minimum ¼ 0.00 mm, X maximum ¼ 0.42 mm; p ¼ 0.018). Table 7 shows the comparison between the different spatial and temporal setups that can be used to measure light distortion with the LDA. Changing the angular separation in the in-out exam but maintaining a low velocity of the peripheral stimulus (15) did not change the results of light distortion in terms of size, location, and regularity parameters. Notwithstanding, the same did not happen for the higher velocity of the peripheral stimulus (25), in which differences in the area of the distortion (DA15 deg ¼ 0. 2 , p ¼ 0.010) were found. On the contrary, when the angular separation was maintained and the velocity of the peripheral stimulus was changed, the light distortion was slightly greater with a higher velocity of the peripheral stimulus in terms of size (all p < 0.05), but regularity parameters were maintained for both angular separations (all p > 0.05). The subjective exam was found to be significantly altered when done with the two different angular separations in terms of the size of light distortion, being slightly smaller with an angular separation of 30 deg (BFC Rad 30 deg ¼ 14.71 AE 1.83 mm and BFC Rad 15 deg ¼ 15.39 AE 1.64 mm, p ¼ 0.010). The two subjective exams, as it can be seen in Fig. 3 , were more time consuming, but reducing the angular separation from 30 deg to 15 deg allowed a significant savings of almost half of the examination time (4:30 min when done in a 15 deg angular separation and 02:20 min when done in 30 deg). The same happened for the in-out routine, in which increasing the angular separation (maintaining the velocity of the peripheral stimulus) allowed us to significantly reduce the examination time (in-out 15 deg15¼01∶35 min versus in-out 
Spatial and Temporal Setup Parameters
Discussion
This is the third validation study conducted in apparatus intended to measure light distortion analysis. The previous one was published by Gutierrez et al., 15 with the device Starlights published in the Journal of Biomedical Optics in 2003, and the other one was published by Meikies et al. 8 in 2014. More recently, different studies have used other methodologies without known validation studies. 9, 10, 12 Different from the previous devices, our system provides several metrics to characterize the size, shape, regularity, and location of the light distortion, while the previous devices concentrated only on the size of the photic phenomena.
With the present method we aim to overcome some of the limitations of previous methods. 3, 4, [8] [9] [10] Indeed, our results concerning the irregularity parameters show that the size of the distortion cannot be assumed as being rotationally symmetric. Further, while some previous devices have been validated considering different experimental setups, 15 others have used single setups without mentioning the potential variability under different experimental conditions. 8, 10 The present study shows that the examination of the light distortion size is consistent for different examination routines, on different days and is rapid. Factors such as the angular separation of the radial distances explored and speed of presentation of the stimuli have a minimal effect on the final outcomes. Increase in LDI and BFC Rad with increasing central light intensity showed that the system is sensitive to changes in the source of glare by reflecting an increase in the size of the light distortion. However, its location, shape, and regularity represented by the parameters X Coord , Y Coord , BFC Orient , BFC Irreg , and BFC IrregSD did not change.
The first validation experiment of this study ascertained the influence of measuring the size and shape of the NVD with the patient's habitual correction and comparing it with the measurements when the vergence induce by the fixation target, that is a 2 m distance from the subject, is compensated. It can be seen that in terms of size of the measurements, there is no need to compensate the vergence induced by the fixation target once the size of the NVD between the two conditions is not statistically different and is strongly correlated. This might be expected if we consider the simulations presented in Fig. 4 for an average eye with a þ0.3 microns Zernike SA and a pupil size of 6 mm for a nonaccommodating eye. While the positive defocus of −0.5 diopters (equivalent to defocus in the nonaccommodating eye at 2 m) would probably induce an increase in the size of the central light disturbance [Fig. 4(a) ], full correction of such a defocus (using the þ0.50 diopters lens in our experiment) would not change the apparent spread of light around the central spot of light [ Fig. 4(c) ] by much. In the present study, patients had their pupil dilated but were able to accommodate considering that all of them were young. Thus, we did not anticipate a difference between both conditions. With the þ0.50 lens, the patient would be able to sharply see the central target without accommodation. Without the compensation lens, the patient would be required to accommodate approximately 0.50 D. This change could not change the subjective visualization of the central stimulus, or could even improve it by the reduction of the positive SA through accommodation. 16 In the present sample, changing the pupil size from 3 to 6 mm did not have a significant impact on light distortion. This is an expected result considering that all subjects enrolled had moderate positive or neutral SA for a 6-mm pupil size. The role of the pupil in the optical quality is well known as the higher-order aberrations increase and as the pupil dilates. In fact, larger pupil sizes under photopic conditions are contra-indicative for some treatments such as orthokeratology or refractive corneal surgery because of the HOAs induced. 17 Despite this, the role of the pupil size as a main contributor to light disturbances is not so evident. Villa et al. 3 have found a moderate but not significant positive correlation between the pupil size and the magnitude of the light disturbances. This suggests that larger pupils are associated with stronger disturbances, but the pupil size by itself is not responsible for such effects. However, this could be the case for highly aberrated eyes, after refractive surgery, or orthokeratology, 17 but not in normal eyes with average values of SA as is the case in the present sample. Santolaria et al. 18 have recently measured the light distortion in patients undergoing corneal reshaping with contact lenses using the same experimental device used in the present study. They computed the corneal aberrations for different apertures of 3, 4.5, and 6 mm. they did not find significant correlations with the light distortion over a period of 1 month after treatment onset. 18 However, the pupil might also be relevant when studying light distortion induced by intraocular lenses with complex designs including diffractive apodized optics and multizone refractive optics.
The present device has been shown to be sensitive to differences in light distortion induced by IOL with different optical designs, 19 and multifocal contact lenses (unpublished results). Another relevant result is the relationship between the intensity of the central source and the LDI. This trend could not be directly anticipated because the higher the brightness the more of a disturbance is usually reported by the patients, but this could be partially compensated by the miosis induced. Apparently, in this study, the increase in disturbance by the distribution of more light over a large area of the retina is not counterbalanced by the miosis that would be expected under such conditions. Pupil sizes measured for the central LED light at minimum, medium, and maximum intensities were 6.58 AE 0.08 mm, 5.11 AE 0.11 mm, and 4.44 AE 0.14 mm, respectively. This effect might be even more significant in elderly patients with a smaller dynamic range between natural pupil miosis and mydriasis.
The present method also has some limitations. The system uses detection stimuli rather than recognition stimuli such as letters or Landolt C's. This might allow the patient to provide a response even without recognizing the stimuli. This system prevents this effect by recording three different sets of measurements with stimuli presented in random order. When the patient provides false positive responses, the SD of the results in a given meridian will increase and the measure will be considered invalid. In the current setup, the system does not allow the identification of islands of negative dysphotopsia isolated from the center source of light. However, the aim of this device is to evaluate the light distortion surrounding a central source of light. Other methods, including automatic perimetry, can be used to define negative dysphotopsia. 6 Most of the previous methodologies reported do not provide information about the time spent in each measurement and the number of measurements used to obtain a single measurement. Both are relevant facts, as this method would probably involve examinations for elderly patients where attention and fatigue are potential issues. Our method allows obtaining a single measurement in less than 1 min per eye doing three repeated measures in this time.
As stated before, there are also several advantages of this instrument over the previous ones used for a similar purpose. First, being an entire physical device without intervention of video display units, cathodic ray tubes, flat screens or multimedia data-show projector, has the potential to have more consistency among examinations conducted in different settings. Second, the flexibility of setting different exam configurations might allow the expansion of the role of the system to different applications. Third, the different outcome metrics allow one to report the shape, regularity, and consistency of the results, and not only the average size of the light distortion assumed as a rotationally symmetric anomaly. This might no longer be the case in astigmatic defocus, comatic aberrations or corrective optical devices or surgical procedures including decentered optics.
The present study is limited by the fact all the subjects are young and healthy. Considering that postsurgical or diseased patients could present significantly higher values of light distortion, the results obtained in the present study cannot be directly extrapolated to those specific populations. For example, the examination time might increase as the light distortion increases. The difficulties found by older patients might be different from the ones found in the present sample. However, a recent study conducted in patients implanted with monofocal, bifocal and trifocal IOLs after cataract extraction demonstrated that the test is easily conducted in these clinical populations within an acceptable time period.
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